In 1998 we updated earlier descriptions of the largest family of secondary transport carriers found in living organisms, the major facilitator superfamily (MFS). Seventeen families of transport proteins were shown to comprise this superfamily. We here report expansion of the MFS to include 29 established families as well as five probable families. Structural, functional, and mechanistic features of the constituent permeases are described, and each newly identified family is shown to exhibit specificity for a single class of substrates. Phylogenetic analyses define the evolutionary relationships of the members of each family to each other, and multiple alignments allow definition of family-specific signature sequences as well as all wellconserved sequence motifs. The work described serves to update previous publications and allows extrapolation of structural, functional and mechanistic information obtained with any one member of the superfamily to other members with limitations determined by the degrees of sequence divergence.
Introduction
In 1998 the status of one of the two largest superfamilies of transmembrane solute transporters, the major facilitator superfamily, MFS, was reviewed and evaluated (Pao et al., 1998) . At that time, 17 families within this superfamily were recognized based on phylogenetic data, and each phylogenetic family in general included functionally characterized members that were specific for a single type of small molecule. Thus, three families (families 1, 5 and 7) were specific for sugars; two families (2 and 3) were specific for drugs; family 4 members transported organophosphates; family 6 permeases transported metabolites such as Krebs cycle intermediates; three families proved to be responsible for transport of inorganic anions (nitrate/nitrite, family 8; phosphate, family 9; and cyanate, family 17); family 10 proteins transported nucleosides; and five families included members that transported various monocarboxylic acids. These five families included proteins that transported (1) oxalate/formate (family 11), (2) sialate, lactate and pyruvate (family 12), (3) a wide variety of monocarboxylic acids (family 13), (4) an even wider range of organic anions plus inorganic phosphate (family 14), and (5) aromatic acids (family 15). One family recognized in 1998 was referred to as the unknown major facilitator (UMF) family (family 16) because no member of this phylogenetically distinct family had been functionally characterized (Goffeau et al., 1997; Pao et al., 1998) . Recently, a member of this family has been shown to transport an iron-hydroxamate siderophore complex (Lesuisse et al., 1998) , and as its synthesis is controlled by iron availability, transport of this substrate seems to be its true physiological function. We have therefore renamed the UMF family the siderophore-iron-transporter (SIT) family in accordance with the designation by Lesuisse et al. (1998) of the newly characterized gene, SIT1 (see below).
Statistical analyses conducted on established protein members of the MFS and members of a large family of peptide transporters known as the POT or PTR family (Paulsen and Skurray, 1994; Steiner et al., 1995) revealed a possible distant phylogenetic relationship between members of the MFS. Our more recent PSI-BLAST results have confirmed and extended the suggestion that the POT family is indeed likely to be a divergent constituent family of the MFS.
In the present communication, we report expansion of the MFS from 17 to 29 established families and provide evidence that five additional families (including the POT family) are distantly related constituents of the MFS (see Table 1 ). Each of these novel families will be systematically described. Multiple alignments of the members of each family allow derivation of family-specific signature sequences; phylogenetic trees define the evolutionary relationships of the members of each family to each other, and hydropathy, similarity and amphipathicity plots provide information about structural features of these porters, thereby allowing interfamilial structural comparisons. We also analyze each of the 34 established and putative MFS families for characteristic sequence motifs, thus providing a firm basis for interfamilial motif comparisons. The results suggest that the importance of the MFS was underestimated in earlier analyses. This superfamily includes a larger percentage of the secondary carriers found in nature than was previously appreciated. Moreover, MFS carriers transport a much broader range of structurally divergent molecules than was realized. The results reveal that a major fraction of the secondary carriers found in nature are evolutionary related, and therefore probably similar in structure and mechanism of action.
The SIT Family (TC #2.1.16)
Earlier phylogenetic studies of Goffeau et al. (1997) revealed the existence of a novel MFS family, and because no member of this family was functionally characterized, Pao et al. (1998) referred to it as the "unknown major facilitator"(UMF) family. All members of the UMF family were from the yeast, Saccharomyces cerevisiae (Goffeau et al., 1997) , and in March 1999, PSI-BLAST searches revealed that all sequenced members of this family are still from yeast species. The genomes of both S. cerevisiae and Schizosaccharomyces pombe encode multiple paralogues of this family (unpublished observations). In view of the large amount of eukaryotic and prokaryotic genome sequence information now available, it is reasonable to suggest that this family evolved from another primordial MFS family in yeast for a specialized function.
A recent report has provided a functional description of one of the established members of this UMF family (Lesuisse et al., 1998) . This protein, the product of the Yel065w gene of S. cerevisiae (Goffeau et al., 1997) catalyzes the uptake of a hydroxamate siderophore-iron complex. The protein was designated the ferroxamine B permease. The SIT1 (siderophore-iron transport-1) structural gene proved to be regulated by iron availability, and a SIT1 null mutation eliminated uptake of iron-ferroxamine B. Uptake of this compound was competitively inhibited by another related iron complex, iron-ferricrocin. However, the latter compound was transported in an energy dependent process in the SIT1 null mutant. These observations thus led to the conclusions that (1) the Sit1 permease exhibits a high degree of specificity for a restricted group of hydroxamate-siderophore-iron complexes, (2) other permeases in S. cerevisiae must transport other related compounds, and (3) in view of the induction properties of SIT1 gene expression, the transport of iron siderophores is probably the true physiological function of the Sit1 protein. It seems likely that the other putative siderophoreiron transporter, recognized as the transporter of ironferricrocin, is a paralogue of Sit1.
The results reported by Lesuisse et al. are of particular interest because it has long been known that fungal siderophores, usually hydroxamates, as well as bacterial hydroxamate siderophores, can be used for iron acquisition by S. cerevisiae even though this yeast species does not synthesize siderophores (Lesuisse and Labbe, 1989; see Helm and Winkelmann, 1994 for a review). In view of these important observations, we have renamed the UMF family the siderophore-iron-transporter (SIT) family (TC #2.1.16) in accordance with the SIT1 gene designation suggested by Lesuisse et al. (1998) .
The Polyol Permease (PP) Family (TC #2.1.18)
In our previous publication (Pao et al., 1998) we identified 17 families of the MFS. An addendum added in proof described an eighteenth family that was recognized after publication of the molecular genetic and functional analyses The Drug:H + Antiporter-1 (12 Spanner) (DHA1) Family 2.1.3
The Drug:H + Antiporter-2 (14 Spanner) DHA2) Family 2.1.4
The Organophosphate:P i Antiporter (OPA) Family 2.1.5
The Oligosaccharide:H + Symporter (OHS) Family 2.1.6
The Metabolite:H + Symporter (MHS) Family 2.1.7
The Fucose:H + Symporter (FHS) Family 2.1.8
The Nitrate/Nitrite Porter (NNP) Family 2.1.9
The Phosphate:H + Symporter (PHS) Family 2.1.10
The Nucleoside:H + Symporter (NHS) Family 2.1.11
The Oxalate:Formate Antiporter (OFA) Family 2.1.12
The Sialate:H + Symporter (SHS) Family 2.1. 13 The Monocarboxylate Porter (MCP) Family 2.1.14 The Anion:Cation Symporter (ACS) Family 2.1.15
The Aromatic Acid:H + Symporter (AAHS) Family 2.1.16
The Siderophore-Iron Transporter (SIT) Family 2.1.17
The Cyanate Permease (CP) Family 2.1.18
The Polyol Permease (PP) Family 2.1. 19 The Organic Cation Transporter (OCT) Family 2.1.20
The Sugar Efflux Transporter (SET) Family 2.1.21
The Drug:H + Antiporter-3 (12 Spanner) (DHA3) Family 2.1.22
The Vesicular Neurotransmitter Transporter (VNT) Family 2.1.23
The Conjugated Bile Salt Transporter (BST) Family 2.1.24
The Unknown Major Facilitator-1 (UMF1) Family 2.1.25
The Peptide-Acetyl-Coenzyme A Transporter (PAT) Family 2.1.26
The Unknown Major Facilitator 2 (UMF2) Family 2.1.27
The Phenyl Propionate Permease (PPP) Family 2.1.28
The Unknown Major Facilitator-3 (UMF3) Family 2.1.29
The Unknown Major Facilitator-4 (UMF4) Family 2.2
The Glycoside-Pentoside-Hexuronide (GPH):Cation Symporter Family 2.17
The Proton-dependent Oligopeptide Transporter (POT) Family 2.60
The Organo Anion Transporter (OAT) Family 2.71
The Folate-Biopterin Transporter (FBT) Family 97.7
The Putative Bacteriochlorophyll Delivery (BCD) Family described by Huel et al. (1997) . These workers identified the D-arabinitol:H + and ribitol:H + symport permeases of Klebsiella pneumoniae (DalT and RbtT, respectively). These two proteins are 86% identical and are 425 and 427 amino acyl residues long, respectively, both with 12 putative TMSs. We conducted phylogenetic analyses of these two polyol permeases and found that they, together with two uncharacterized proteins encoded within the Bacillus subtilis genome, comprise a novel MFS family which we have termed the polyol permease (PP) family (family 18) ( Table 2 ). The proteins of the PP family exhibit an approximation to the MFS-specific sequence motif between TMSs 2 and 3 of GVVAEIIGPRKTM (Pao et al., 1998) , thus showing poor correspondence to the N-terminal half of this MFS-specific motif but excellent correspondence to the C-terminal half. Binary comparison of DalT with the E. coli KgtP protein gave a comparison score of 10.5 standard deviations for a segment of 107 residues (21% identity, 49% similarity, 0 gaps) (data not shown). This value is sufficient to establish that the proteins of the PP family are members of the MFS. The proteins of the PP family also exhibit recognizable sequence similarity to members of several other MFS permease families. By hybrid protein construction, Heuel et al. (1997) demonstrated that the substrate specificities and kinetic properties for transport of DalT and RbtT are determined by the amino-terminal halves of the proteins. It is interesting to note that residues involved in sugar binding to the E. coli lactose permease (LacY; TC #2.1.5.1) have been found in both the amino-terminal half of this protein and the Cterminal half (Collins et al., 1989; Matos et al., 1994; see Varela and Wilson, 1996 for a review). The C-terminal half has been postulated to function in proton transport (Varela and Wilson, 1996; Venkatesan and Kaback, 1998) .
A multiple alignment of the proteins listed in Table 2 was constructed. The four proteins of the PP family proved to be highly conserved with few gaps in the multiple alignment and many fully conserved residues. An example of a well-conserved portion of this complete multiple alignment is provided in Figure 1A . The following two signature sequences proved to be specific to the PP family:
(X is any residue; residues in parentheses represent alternative possibilities at a single position). Figure 1B presents an average hydropathy plot of the complete multiple alignment for the 4 members of the PP family. It can be seen that the first six peaks of hydrophobicity are roughly equidistant from each other, as are the second six peaks. However, these two halves of the proteins are separated by a hydrophilic loop of substantial length. The two halves of the proteins proved to be A * * ** ** *** * ** * Orf1 Bsu (15) GIPSHMVWGYIGVVIFMVGDGLEQGWLSPFLVDHGL Orf2 Bsu (6) GIPKRLAWGFLGVVLFMMGDGLEQGWLSPFLIENGL RbtT Kpn (10) GLPLNLIWGYVAIAVFMTGDGFELAFLSHYIKALGF DalT Kpn (10) GLPLNLLWGYIAIAVFMTGDGFELAFLSHYIKALGF The complete multiple alignment from which the partial alignment shown in A was derived using the TREE program of Feng and Doolittle (1990) was used to derive the average hydropathy plot shown in B as well as the phylogenetic tree shown in C. In A, fully conserved residues are presented in bold print with an asterisk above them. The first residue shown is presented in parentheses following the protein abbreviation (see Table 2 ). The consensus sequence indicates those residues that are present in the majority of the sequences. In B, a sliding window of 21 residues was used, with the hydropathy values of Kyte and Doolittle (1982) . In C, branch length, presented in arbitrary units, is approximately proportional to phylogenetic distance. . Phylogenetic tree for representative members of the OCT and SP families of the MFS. A well conserved segment of the complete multiple alignment (340-370 residues of the aligned proteins) was used to construct the phylogenetic tree using the TREE program of Feng and Doolittle (1990) . Protein abbreviations are as indicated in Table 3 . 1 Different Oct family paralogues from single species are distinguished by the letters "A,B,C,…." in chronological order according to the dates of submission to the database. Proteins of the Oct family indicated with one asterisk (*) were used for the studies including only the Oct family members. Proteins of the Oct family indicated with two asterisks (**) were used for all studies. Proteins of the Oct family lacking an asterisk have not been functionally characterized and were not included in the reported studies. Proteins of the SP family were used only for construction of the phylogenetic tree with Oct family members indicated with two asterisks.
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equally well conserved, but the peaks of hydrophobicity in general correlated with peaks of average similarity (not shown). An average amphipathicity plot with the angle per residue set at 100° for an α-helix revealed several peaks, the largest of which occurred at alignment positions just preceding and overlapping hydrophobic peaks 1 and 7. The C-terminal regions following putative TMS12 also proved to be strongly amphipathic. The results provide evidence that major regions of the proteins of the PP family are α-helical regardless of whether they are embedded in the membrane or surface localized.
The phylogenetic tree for the PP family ( Figure 1C ) shows clustering according to organism. Thus, the two Klebsiella proteins cluster tightly together as do the two Bacillus proteins. One can infer that extragenic duplications that gave rise to the pair of proteins in each organism occurred after Gram-negative bacteria diverged from Grampositive bacteria.
The Organic Cation Transporter (OCT) Family (TC #2.1.19)
One of the 12 families described by Pao et al. (1998) , the sugar porter (SP) family, was exceptionally large with 133 sequenced members. In contrast to most other MFS fami-lies, the SP family included members that were functionally diverse. While most members transported sugars, a few had been shown to transport organic cations and/or anions (see, for example, Gründemann et al., 1994; Okuda et al., 1996; Lopez-Nieto et al., 1997; Kekuda et al., 1998; see Koepsell (1998) for a current review). The latter proteins clustered distantly from the sugar porters on the SP family phylogenetic tree. These proteins catalyze uptake of cationic drugs such as tetramethyl ammonium, cimetidine, procainamide, quinidine and some endogenous metabolites such as N-methyl-nicotinamide. In view of these surprising observations, and because several additional such porters have since been characterized, the organic ion transporters were reexamined phylogenetically. Table 3 lists established members of the OCT family as well as representative divergent members of the SP family used for the phylogenetic analyses. Only the proteins indicated with double asterisks were used for the analyses presented in Figure 2 . As shown in Figure 2 , all of the proteins known to function in organo-cation and anion transport clustered separately from representative transporters specific for sugars. This was observed regardless of the program used to construct the tree or dendogram (data not shown). Thus, while all of the organo-ion transport proteins showed greater sequence similarity to members of the SP family than to members of any one of the other MFS families, they clearly comprise a distinct family (or subfamily) both phylogenetically and functionally. We therefore have elected to designate this family the "organic cation transporter" (OCT) family (TC #2.1.19), named after the majority of the proteins which comprise this family. It is interesting to note that the single characterized organoanion transporter, Oat Rno, clusters with an organo-cation transporter, Oct Pam ( Figure 2 ) and transports both cations and anions (Koepsell, 1998) .
All OCT family members indicated in Table 3 with either double or single asterisks were included in the analyses described below. Sixteen proteins, all from animals, plus several uncharacterized open reading frames, comprise the current OCT family. Two well conserved regions of the complete multiple alignment are presented in Figure 3. Both regions reveal a high degree of sequence identity, with seven and five fully conserved residues in the two portions shown, respectively. No gaps are present in these aligned sequences.
Two signature sequences were derived from the two well conserved regions shown in Figures 3A and B . These sequences are:
These two sequences retrieved only established members of the OCT family when screened against the SwissProt database, and they are therefore authentic signature sequences by this criterion.
Based on the complete multiple alignment including all of the proteins represented in Figure 3 , average hydropathy, similarity and amphipathicity (100° for α-helix) were derived (see Figures 4A-C) . The average hydropathy plot ( Figure 4A ) revealed the presence of one N-termi- Figure 3 . A sliding window of 21 residues was used in all 3 plots. Hydropathy values for the individual amino acids were as calculated by Kyte and Doolittle (1982) . The average amphipathicity program has been described (Le et al. 1999). nal hydrophobic segment of sufficient breadth and magnitude to span the membrane as an α-helix. Following an extended hydrophilic "loop" region, five additional peaks of hydrophobicity corresponding to five putative transmembrane spanning segments were observed. Following a second hydrophilic loop region, six additional putative transmembrane segments could be assigned. Noteworthy is the fact that the loop regions in general tend to be less well conserved than the transmembrane regions ( Figure 4B ). Further, the striking peaks of amphipathicity ( Figure 4C ) invariably correspond to hydrophilic inter-TMS regions. It can therefore be surmised, that not only the hydrophobic transmembrane regions, but also the hydrophilic "loop" regions occur largely as α-helices. Figure 5 shows a phylogenetic tree where most of the currently recognized members of the OCT family are represented. The tree is based on the complete multiple alignment for these proteins, portions of which are shown in Figure 3 . Many of these proteins, all from mammals, cluster tightly together suggesting that the paralogues within this cluster (3 from rats, and 3 from man) arose recently in evolutionary time by gene duplication events. Other paralogous members of the family are considerably more distant from each other and presumably arose as a result of much earlier gene duplication events. Examining the human paralogues, for example, revealed that OctA, B and C are similar in sequence, that OctE and F are similar to each other but very distant from all other human paralogues, and that OctD is the most distant human member of the family. The one organo-anion transporter represented (Oat Rno) clusters loosely with two cation transporters. This transporter is known to catalyze uptake of both cations and anions.
The Sugar Efflux Transporter (SET) Family (TC #2.1.20)
The proteins of the SET family are listed in Table 4 . Five of the ten protein members are from E. coli, and three are from Bacillus subtilis. The other two are from Mycobacterium tuberculosis and Yersinia pestis. A homologue is also encoded within the Deinococcus radiodurans genome (not presented). The protein members of the SET family are distantly related to well characterized proteins from several different families within the MFS.
Three of the E. coli SET family proteins have been subjected to functional characterization (Liu et al., 1999a,b) . Two of these proteins have been shown to catalyze efflux of sugars and their derivatives. This fact provides the basis for the family name (SET). SetA (YabM) has been shown to catalyze efflux of isopropyl-thio-β-galactoside (IPTG), lactose and glucose. The efflux process was inhibited by a variety of other sugars such as aromatic α-and βglucosides, aromatic α-and β-galactosides, cellobiose, maltose, α-methyl glucoside and L-glucose. The carrier thus apparently exhibits broad binding specificity. Additionally, sugar-containing amino glycoside antibiotics such as streptomycin and kanamycin were weakly expelled via this system as demonstrated using resistance tests (Liu et al., 1999a,b) . Sugars with five carbons or less proved to be poor inhibitors in the lactose transport assay.
SetB (YeiO) similarly catalyzes efflux of glucose and lactose, but IPTG and galactose were not transported. SetC Figure 5 . Phylogenetic tree of OCT family members, based on the complete multiple alignment of these proteins. The format of presentation and method of tree construction are as described in Figure 2 . (YicK) did not expel any sugar tested including glucose, galactose, lactose or IPTG. Further, streptomycin and kanamycin were not substrates of either SetB or SetC. These results suggest that two closely related E. coli paralogues, but not a third, exhibit differing but overlapping specificities for sugars and their derivatives. The substrates of SetC have yet to be identified. A proton antiport mechanism has been inferred for all three E. coli SET family paralogues (Liu et al., 1999a,b) . Figure 6 shows two fairly well conserved portions of the complete multiple alignment of the ten SET family proteins. Two residues are fully conserved in each of these gap-free regions, and from the regions shown in A and B, two signature sequences that retrieved only established SET family proteins from the SwissProt database were derived. These sequences are:
The average hydropathy plot, based on the complete multiple alignment from which the two alignments shown in Figure 6 was selected, is shown in Figure 7A . Twelve clear peaks of hydrophobicity are observed, and uniquely, they fall into six sets of two closely positioned peaks. Assuming a topology analogous to the 12 TMS proteins of the MFS, with both the N-and C-termini facing the cytoplasm, the results suggest that all periplasmic inter-TMS loops are short while all cytoplasmic inter-TMS loops are (29) 
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F-S---AQ-S-GWVIGPPLG Figure 7 . Average hydropathy (A), similarity (B), and amphipathicity (for αhelix) (C) plots for the proteins of the SET family. In all cases, the multiple alignment was generated using the TREE program (see Figure 6 ), and a sliding window of 21 residues was used.
longer. The average similarity plot ( Figure 7B) shows that, as for many other MFS families, the N-terminal domain is better conserved than the C-terminal domain. The least sequence similarity, reflecting multiple gaps in the aligned sequences, is found between putative TMSs 6 and 7 (the central loop) as well as between putative TMSs 8 and 9. Figure 7C , showing the average amphipathicity plot with the angle set at 100° per residue as for an α-helix, revealed that the major peaks of amphipathicity occur in putative cytoplasmic loops 2-3, 4-5, 6-7 and 8-9, just preceding and overlapping putative TMS 11, and just following TMS 12. Most of these regions of strong amphipathicity occur within, or overlapping and immediately adjacent to the five cytoplasmic loops. This fact suggests that the cytoplasmic loops are present in large measure in α-helical configurations. No evidence concerning the secondary structures of the short external loops was obtained from these analyses.
The phylogenetic tree for the SET family proteins is shown in Figure 8 . The three functionally examined E. coli proteins, SetA (YabM), SetB (YicK) and SetC (YeiO), are closely related paralogues. The sequence fragment from Yersinia pestis (Table 4) is also closely related to these proteins, suggesting a similar function. All other protein members of the family are distant from these four proteins and from each other, suggesting divergent functions. Although we would tentatively suggest that these proteins could function in the efflux of hydrophilic molecules, the phylogenetic distances between them renders even such a suggestion highly speculative.
The Drug:H + Antiporter-3 (DHA3) Family (TC #2.1.21)
The DHA3 family is a diverse, moderately sized family, several members of which exhibit limited sequence similarity with established members of the MFS and with the phylogenetically related GPH (TC #2.2) family (see below). All of the functionally characterized DHA3 transporters efflux drugs, probably by a proton antiport mechanism (Table 5 ). These proteins include the MefA macrolide resistance determinant of Streptococcus pyogenes (Clancy et al., 1996) , also found in S. pneumoniae and Lactococcus lactis ( Table 5 ; Perreten et al., 1997) . MefA expels 14membered macrolides such as erythromycin and oleandomycin as well as 15-membered macrolides such as azithromycin, but not 16-membered macrolides such as spiromycin and tylosin (Clancy et al., 1996) . Another characterized drug efflux pump is the Cmr multidrug resistance protein of Corynebacterium glutamicum which confers resistance to erythromycin, tetracycline, puromycin and bleomycin (Table 5; Jäger et al., 1997) . Others include the TetV tetracycline resistance determinant of Mycobacterium smegmatis (De Rossi et al., 1998) and the Tap multidrug resistance efflux pump of M. fortuitum (Ainsa et al., 1998) . No description of the putative Ni 2+ resistance protein of Synechocystis, NiR, mentioned in the database entry for this protein (see Table 5 ), is available. It can be anticipated that most if not all members of the DHA3 family will prove to be drug efflux pumps.
It is interesting to note that most (but not all) of the members of the DHA3 family are from Gram-positive bacteria. Thus, two of the proteins are from Gram-negative eubacteria, two are from cyanobacteria, one is from an archaeon, and 14 are from Gram-positive bacteria. None of the members of the DHA3 family is as yet from a eukaryote. The uniformity of the DHA3 family protein sizes is noteworthy. Thus, except for one protein from Streptomyces coelicolor, all proteins are in the size range of 405-474 (Table 5 ). Figure 9 presents a relatively well conserved portion of the multiple alignment that includes the sequences of the 19 identified members of the DHA3 family. A single glycyl residue is completely conserved, but several residues are largely conserved (see Figure 9 ). The DHA3 family signature sequence derived from this region of the alignment is: Figure 10A shows the average hydropathy plot for the identified DHA3 family members. Twelve peaks of hydrophobicity correspond to twelve putative transmembrane segments (TMSs). The average similarity plot (Figure 10B ) reveals that for each peak of hydrophobicity there is a peak of similarity. This fact shows that the transmembrane segments are better conserved that the inter-TMS loops. As shown in Figure 10C , regions of strong amphipathicity are usually found between TMSs. However, the putative TMS at position 100 is both well conserved and amphipathic.
The phylogenetic tree for the DHA3 family is shown in Figure 11 . Most protein members of the family are distant from each other. However, MefA Spy and MefA Spn cluster tightly together, and these proteins cluster loosely with MefA Lla. These three proteins may well be orthologues as also suggested by their biochemical designations and available functional data. Similarly, Tap Mfo and Orf1 Mtu are very similar in sequence suggesting that these two myobacterial proteins are orthologues. All other proteins in the DHA3 family are distantly related to these proteins as well as to each other.
The Vesicular Neurotransmitter (VNT) Family (TC #2.1.22)
In our earlier analysis of the MFS (Pao et al., 1998) , we included the few vesicular neurotransmitter transporters that were at that time sequences in the sugar porter (SP) family (TC #2.1.1) because of their close phylogenetic association. With more members available for analysis, it is now clear that these proteins comprise their own cluster or family which, however, is more closely related to the SP family than to other MFS families. We have consequently assigned these proteins to a separate family.
Sequenced members of the VNT family are presented in Table 6 . The better characterized members of the VNT family are synaptic vesicle proteins from mammals, the electric eel and insects (Bajjalieh et al., 1992 (Bajjalieh et al., , 1993 Gingrich et al., 1992; Bindra et al., 1993; Janz et al., 1998; Nagase et al., 1998; Wang and Fallon, 1998) . These proteins constitute a novel family of 12 putative TMS proteins of about 700 amino acyl residues.
Seven members of the VNT family are listed in Table  6 . However, three of these proteins (Orf Bta, KIAA Hsa, Sv2A Rno) are nearly identical in sequence. Similarly, KIAB Hsa and Sv2B Rno are nearly identical in sequence. A phylogenetic tree of the 4 dissimilar proteins revealed that KIAA Hsa, KIAB Hsa and Sv2 Dom are about equally distant from each other while Sv2 Aal is only distantly related to these three proteins (Figure 12 ). Protein abbreviations are as presented in Table 5 . Methods and conventions of presentation are as described in the legend to Figure 3 . A single fully sequenced protein, Bsh, and a fragment of a second protein, Orf, both from Lactobacillus johnsonii, constitute the BST family (Table 6 ). When produced in E. coli, the fully sequenced protein produced a strain with a threefold increase in the uptake rate for taurocholic acid (Elkins and Savage, 1998) . Cholate was apparently not transported leading to the suggestion that the transporter is specific for conjugated bile salts. The protein is 451 amino acids in length and exhibits 12 putative TMSs. The two homologous ORFs proved to be about 80% identical in the region of the 200 residue fragment that corresponded to the Cterminus of the Bsh protein. Because of the small size of the family, no further analyses are reported.
The Unknown Major Facilitator-1 (UMF1) Family (TC #2.1.24)
Only three proteins comprise the UMF1 family (Table 6) . Two of these proteins are from two different yeast species, and one is from the bacterium, Bacillus subtilis. The two yeast proteins exhibit extensive sequence similarity throughout their lengths, are of the same size and are predicted to possess 12 TMSs. They exhibit sufficient sequence similarity with an uncharacterized protein, YxiO from B. subtilis, to establish that these three proteins are homologous and belong to a single family. YxiO is a 428 residue protein exhibiting 12 putative TMSs (Table 6) . With a single iteration, the PSI-BLAST program revealed motif Figure 11 . Phylogenetic tree for the DHA3 family (see Figure 2 legend for methods and format of presentation). An average hydropathy plot (not shown) was in agreement with a 12 TMS topology in a 4 + 2 + 6 arrangement. Thus, putative inter-TMS cytoplasmic loops 4-5 and 6-7 as well as extracytoplasmic loop 1-2 and the N-and Ctermini of these proteins are the largest strongly hydrophilic portions of these proteins. Unlike most MFS families, a greater degree of sequence similarity was observed in the second halves of these proteins than for the first halves. Strongly amphipathic regions included the N-and C-termini as well as loops 1-2, 4-5, 6-7 and 10-11. Thus, all of the large hydrophilic portions of these proteins may be present in α-helical configuration. There is no indication as to the functions of these proteins, although of the various members of the MFS, they exhibit greatest sequence and motif similarity to sugar and drug transporters as noted above.
The Peptide-Acetyl-CoA Transporter (PAT) Family (TC #2.1.25)
Two members of the PAT family have been functionally characterized, but the precise biochemical functions of these proteins are not certain. One of these proteins is the putative Acetyl-Coenzyme A transporter found in the endoplasmic reticular and Golgi membranes of man (Kanamori et al., 1997) . It is homologous to proteins in Caenorhabditis elegans, Saccharomyces cerevisiae and several Gram-negative bacteria. The other of these proteins, the homologous E. coli AmpG protein, probably brings into the cell peptides, including cell wall degradative peptides and glycopeptides, which act as inducers of β-lactamase synthesis (Lindquist et al., 1993; Jacobs et al., 1994; Park et al., 1998) . In Haemophilus influenzae, the gene encoding a PAT family homologue is found in a gene cluster concerned with lipopolysaccharide synthesis. A homologue from Neisseria gonorrhoeae has also been sequenced. These proteins are of 425-632 amino acyl residues in length and exhibit 12 putative transmembrane α-helical spanners (TMSs). The mechanism of energy coupling is not absolutely established, but the topology of these proteins and their established inclusion in the MFS suggest that they are secondary carriers. The acetyl-CoA transporter is expected to function by Acetyl-CoA:CoA antiport while the AmpG protein is most likely energized by substrate:H + symport. Table 7 presents the currently sequenced members of the PAT family. Members are derived from bacteria, yeast and animals. The prokaryotic proteins are smaller than the eukaryotic proteins by about 100 amino acyl residues (408-491 residues versus 538-560 residues). As noted above, the two functionally characterized proteins, AmpG of E. coli and AcCoAT of man probably transport cell wall peptides and Acetyl-Coenzyme A, respectively. Since Acetyl-CoA contains several secondary amide (peptidelike) bonds, the inclusion of a substrate such as Acetyl-CoA in a family of peptide transporters is not entirely surprising. Rickettsia prowazekii encodes 3 AmpG-like paralogues within its small (1.1 Mbp) genome (Andersson et al., 1998) although other bacteria (E. coli and H. influenzae and the two sequenced eukaryotic genomes, S. cerevisiae and C. elegans, all with much larger genomes, only encode one. Most of the twelve bacteria for which fully sequenced genomes are available, and all of the four archaea with sequenced genomes do not encode a recognizable PAT family member.
A partial multiple alignment of the ten PAT family members is shown in Figure 13A . Only one residue in this alignment is fully conserved, but at several positions, substitutions are strictly conservative. A signature sequence derived from this portion of the complete alignment is as follows: Cel (160) The average hydropathy plot, based on the complete multiple alignment for the ten PAT family members, presented in Figure 13B , reveals 12 peaks, presumably corresponding to 12 TMSs in a 6 + 6 arrangement. PAT family permeases therefore exhibit the expected MFS topology.
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The phylogenetic tree for the PAT family is shown in Figure 13C . While the orthologues from H. influenzae and N. gonorrhoeae cluster together, all other bacterial proteins are relatively distant from each other. Thus, the E. coli and H. influenzae proteins are too distantly related to be orthologues, and the three R. prowazekii paralogues are equidistant from each other and the E. coli homologue. The R. prowazekii paralogues presumably arose by gene duplication events that occurred a long time ago, possibly about the time when the α-(R. prowazekii) and γ-(E. coli) proteobacteria diverged from each other.
The three eukaryotic protein members of the PAT family are found on a branch distant from the prokaryotic proteins, and the branching patterns and relative phylogenetic distances are roughly consistent with the possibility that these three proteins in man, worm and yeast are orthologues. They may all be Acetyl-Coenzyme A:Coenzyme A antiporters found in the endoplasmic reticular membrane of the eukaryotic cell as has been shown for the human protein.
The Unknown Major Facilitator-2 (UMF2) Family (TC #2.1.26)
The UMF2 family consists of just two bacterial proteins (Table 6 ). One is the YcaD protein of E. coli, and the other is the YfkF protein of Bacillus subtilis. These two proteins, of 12 putative TMSs, are of unknown function. They show greatest sequence similarity to the cis, cis-muconate transporter, MucK of Actinobacter (TC #2.1.15.4) with lower sequence similarity to members of the sugar porter family (TC #2.1.1).
The Phenyl Propionate Permease (PPP) Family (TC #2.1.27)
The PPP family consists of a single poorly characterized protein which probably functions as a phenyl propionate permease in E. coli (Diaz et al., 1998) . A homologue is present in Haemophilus influenzae (Table 6 ). These proteins are of about 380 residues and exhibit 12 putative TMSs. The transport function of the E. coli protein was deduced from the nature of the 3-phenyl propionate catabolic operon, several of the encoded constituents of which were characterized functionally. #2.1.28) The UMF3 family consists of one human and six C. elegans proteins. The human protein is the cell surface receptor (c-receptor) for anemia-inducing feline leukemia virus subgroup C (Tailor et al., 1999) . Its transport substrate is unknown. Similarly, none of the C. elegans proteins are functionally characterized. These proteins are of 456-623 residues and exhibit the expected 12 TMSs.
The Unknown Major Facilitator-3 (UMF3) Family (TC
The Unknown Major Facilitator-4 (UMF4) Family (TC #2.1.29)
The UMF4 family consists of three archaeal proteins, two from Archaeoglobus fulgidus and one from Aeropyrum pernix. The two full length proteins are of 369 and 388 residues and exhibit 12 putative TMSs. The third protein is reported as two distinct Orfs in A. fulgidus, probably due to a sequencing error. These proteins are functionally uncharacterized. Symporter Family (TC #2.2) The GPH family was first described in 1994 (Reizer et al., 1994) , but in 1996, Poolman et al. comprehensively reviewed the extensive literature concerning the cation and sugar selectivity determinants for this family (Poolman et al., 1996) . This family of permeases includes the well-characterized melibiose:Na + symporters of E. coli, Salmonella typhimurium and Klebsiella pneumoniae which can use Na + , Li + and H + as the cotransported cation as well as the lactose permease of Streptococcus thermophilus which functions by sugar:H + symport. Mutants were described in which the cation and/or sugar substrate specificities of the permeases were altered, or in which sugar transport was uncoupled from cation cotransport. Most of the mutations proved to occur in the N-terminal halves of the permease proteins, particularly in or near the putative amphipathic transmembrane helices (TMS) 2 and 4 although some occurred in the inter-TMS loop 10-11 in the second halves of these proteins. Subsequently, Wilson and Wilson (1998) described compensatory double mutations that led them to propose that helices 4 and 11 are in close proximity and may comprise part of the active site.
The Glycoside-Pentoside-Hexuronide (GPH):Cation
A dendogram of the most studied protein members of the GPH family that were then available revealed three clusters, first the lactose/raffinose permeases of Gram-positive bacteria, second, the melibiose permeases of enteric Gram-negative bacteria, and third, all remaining proteins (glucuronide and xyloside transporters) from both Gramnegative and Gram-positive bacteria. Naderi and Saier (1996) subsequently provided evidence that the well-characterized and physiologically important sucrose:H + symporters of plants are distant members to this family, and additional computational analyses revealed that sequence similarity with various established members of the MFS could be observed. In fact, PSI-BLAST results clearly suggest that the GPH family exhibits conserved motifs in common with MFS proteins, and we therefore consider it highly likely that these two families of permeases share a common origin. Because of the extensive sequence and phylogenetic analyses reported by Poolman et al. (1996) , no further analyses will be reported here. Poolman et al. (1996) believed that members of the GPH family transport pentoses, and they therefore designated the family the galactoside-pentose-hexuronide family. However, in a recent report, the substrate specificity of XylP, the isoprimeverose permease of Lactobacillus plantarum, was clarified (Chaillou et al., 1998) . This protein was shown to be highly specific for isoprimeverose, an α-xyloside, and the parental sugar, D-xylose, was not transported. Thus, contrary to the suggestion of Poolman et al. (1996) these permeases do not transport free pentoses, and the correct name of the family is the galactoside-pentoside-hexuronide family.
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The Proton-Dependent Oligopeptide Transporter (POT) Family (TC #2.17)
Proteins of the POT family (Paulsen and Skurray, 1994) (also called the PTR [peptide transport] family) (Steiner et al., 1995) consist of proteins from animals, plants, yeast and both Gram-negative and Gram-positive bacteria. Several of these organisms possess multiple POT family paralogues. The proteins are of about 450-600 amino acyl residues in length with the eukaryotic proteins in general being longer than the bacterial proteins. They exhibit 12 putative or established transmembrane α-helical spanners. Some members of the POT family exhibit limited sequence similarity to protein members of the major facilitator superfamily (MFS; TC #2.1) (comparison scores of up to 8 standard deviations for segments in excess of 60 residues in length). Thus the POT family is probably a family within the MFS (Pao et al., 1998; Saier et al., 1999) .
While most members of the POT family catalyze peptide transport, one is a nitrate permease and one can transport histidine as well as peptides. Some of the peptide transporters can also transport antibiotics. These proton symporters thus transport a wide range of compounds.
The phylogeny of the POT family has recently been published , and consequently detailed analyses will not be reported here. However, the proteins of the POT family proved to cluster into four easily distinguishable clusters. Cluster 1 contained all bacterial proteins, cluster 2 contained all animal proteins, cluster 3 contained all yeast proteins plus one plant protein, and cluster 4 contained all remaining plant proteins. These facts suggest that POT family members have diverged from a common ancestor primarily due to speciation and late gene duplication events. The reader is referred to Saier et al. (1999) as well as our web site for more detailed information about this family as well as references to the primary literature.
The Organoanion Transporter (OAT) Family (TC #2.60)
PSI-BLAST results with a single iteration suggested that the OAT family represents a distant familial constituent of the MFS. Table 8 provides the current protein members of this family. Proteins of the OAT family catalyze the Na +independent facilitated transport of organic anions such as bromosulfobromophthalein and prostaglandins as well as conjugated and unconjugated bile acids (taurocholate and cholate, respectively) (Hakes and Berezney, 1991; Jacquemin et al., 1994; Kanai et al., 1995; Hagenbuch, 1997; Abe et al., 1998; Chan et al., 1998; Schuster, 1998) . These transporters are found exclusively in animals. Some exhibit a high degree of tissue specificity. For example, the rat OAT is found at high levels in liver and kidney, and at lower levels in other tissues. These proteins consist of 643-809 amino acyl residues with one exception (Table 8) and possess 10-12 putative α-helical transmembrane spanners. They may catalyze electrogenic anion uniport or anion exchange. Figures 14A and B present two portions of the multiple alignment of the OAT family. The first region corresponds to putative TMS6 and represents the most conserved region within the complete multiple alignment (see Figure 15B ). From this region a signature sequence for the OAT family was derived as follows:
The second region shown in Figure 14B corresponds to an unusual hydrophilic, cysteine-rich region that occurs between putative TMSs 9 and 10 (see Figure 15A ). Because this loop is predicted to be localized to the extracellular milieu, and is therefore in an oxidizing environment, one can predict that the conserved cysteine residues are oxidized primarily to cystine residues. Thus, this extracellular domain undoubtedly contains disulfide bridges. Within this loop region ten fully conserved cysteine residues plus one nearly conserved cysteine residue are found. Six of these cysteine residues are portrayed in Figure 14B . One can therefore suggest that this extracellular domain of about 120 residues is extensively cross-linked by disulfide bonds. We suggest that this region serves as an extracellular receptor domain as has been demonstrated for the cysteine-rich extracellular domains of epithelial Na + channel (ENaC) family members (TC #1.2) (Le and Saier, 1996) . This suggestion implies that the OAT transporters may be regulated by extracellular molecules or stimuli.
The average hydropathy and similarity plots for the OAT family are shown in Figures 15A and B , respectively. It can be seen that 12 hydrophobic peaks are observed in Figure 15A , all of which are well conserved, as shown in Figure 15B . The two regions of the multiple alignment represented in Figures14A and B are shown by the dark bars in Figure 15B . In the latter figure, it can be seen that the Nand C-termini as well as the central loop separating TMS6 from TMS7 are poorly conserved as is often observed for eukaryotic members of the MFS. However, the putative extracellular receptor domain separating putative TMSs 9 and 10 includes regions that are well conserved. This fact further suggests that this region is of functional significance. The phylogenetic tree for the proteins of the OAT family is reproduced in Figure 16 . There are eight major branches, four represented by proteins from C. elegans, and four including proteins derived exclusively from mammals. Six of these mammalian proteins are derived from the rat, and they fall into three distinct clusters. The three human homologues similarly fall into three distinct clusters. The close Pgt orthologues undoubtedly serve the same function of prostaglandin transport in rats and humans, respectively. The cluster of five rat and one human organo anion transporters undoubtedly serve very similar biochemical functions. No function can be predicted for the dissimilar Orf3 of R. norvegicus or the distant C. elegans homologues (Figure 16 ).
The Folate-Biopterin Transporter (FBT) Family (TC #2.71)
PSI-BLAST searches suggested that the FBT family, with members characterized in protozoa (Gottesdiener, 1994; Moore and Beverley, 1996) , is a distant constituent of the MFS. Protein members of the FBT family are listed in Table 9. These proteins are from plants and cyanobacteria as well as protozoa. While the protozoan proteins are reported to be large (627-704 amino acyl residues), the plant and cyanobacterial proteins are much smaller (408-494 residues). Figure B are the regions of the complete multiple alignment shown in Figure 14 . An extended portion of the complete multiple alignment of the FBT family members is shown in Figure 17A . Several residues are fully conserved and many more residues appear in the consensus sequence. The signature sequence for the FBT family is:
The average hydropathy plot ( Figure 17B ) indicates that the FBT family proteins exhibit 12 or 13 putative TMSs.
The phylogenetic tree ( Figure 17C ) shows clustering generally in accordance with the phylogenies of the organisms. Thus the proteins from protozoa cluster together as do the plant proteins and the cyanobacterial proteins. One exception is the plant protein (Orf3 Ath) which clusters with the cyanobacterial proteins. It would be predicted on this basis to be a chloroplast protein.
The Putative Bacteriochlorophyll Delivery (BCD) Family (TC #97.7)
Table 10 presents the seven currently sequenced members of the putative BCD family. All of these proteins are of about the same size, and, as shown below, exhibit similar topological features. The function of none of these proteins is established. Use of the PSI-BLAST program clearly suggested that these proteins are distant members of the MFS. The suggestion that some of them are pigment synthases (Table 10 ) is likely to be in error. Several of these proteins have been shown to be essential for normal photosynthetic activity (Youvan et al., 1984; Zsebo and Hearst, 1984; Tichy et al., 1989; Gibson et al., 1992) .
Although none of the members of the BCD family is functionally characterized, the topology of two of them (PucC Rca (LeBlanc and Beatty, 1996) and YpuM Rca [recently renamed LhaA] (Young and Beatty, 1998) ) have been experimentally determined. As expected for members of the MFS, they exhibit a 12 TMS topology with both the N-and C-termini facing the cytoplasm. LhaA has recently been speculated to be a bacteriochlorophyll "delivery" export permease (Young and Beatty, 1998) , and this proposal provides the basis for naming the BCD family. Figure 18 shows two well conserved portions of the complete multiple alignment for the BCD family proteins. These two regions correspond to the ends of TMSs 1 and 7 as well as the loop regions between TMSs 1 and 2, and 7 and 8, respectively. Limited sequence similarity between these two aligned segments can be detected, and this similarity presumably reflects the ancient gene duplication event which is believed to have given rise to all members of the MFS (see Pao et al., 1998 for discussion of the published evidence).
Two signature sequences were derived from the two well conserved portions of the complete multiple alignment shown in Figure 18 When these sequences were screened against the SwissProt database, they retrieved only established members of the BCD family, thus showing that by this criterion, they are authentic signature sequences for this family.
Two of the seven members of the BCD family have been shown experimentally to exhibit a 12 TMS topology. This fact is in agreement with the average hydropathy plot shown in Figure 19A . Thus, 6 peaks of hydrophobicity, followed by a large hydrophilic "loop" region is then followed by 6 additional hydrophobic peaks. Each of these peaks is of sufficient magnitude and length to span the membrane as an α-helix. As noted for several other MFS families such as the SET family (TC #2.1.20) (see above), the average 
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The Major Facilitator Superfamily 275 hydropathy plot shown in Figure 19A suggests that the cytoplasmic loops connecting TMSs are in general longer than the extracytoplasmic loops. Thus, while peaks 1 and 2, 3 and 4, 7 and 8, and 9 and 10 are close to each other, peaks 5 and 6, and 11 and 12 are not. The average similarity plot ( Figure 19B ) reveals that TMSs 1 and 2 as well as the connecting loop region, and the homologous TMSs 7 and 8 as well as their loop region are the best conserved portions of these proteins. However, the loop region between TMSs 4 and 5 as well as TMS 5 is also well conserved. In this connection it is interesting to note that the homologous TMS 11 is also well conserved, but that the loop region between TMSs 10 and 11 is not as well conserved as that between TMSs 4 and 5. This fact is consistent with our earlier observation, confirmed by the profile shown in Figure 19B , showing that the first halves of MFS proteins are generally better conserved that the second halves (Marger and Saier, 1993) .
The average amphipathicity plot shown in Figure 19C reveals that all major peaks of amphipathicity (when plotted for an α-helix) occur before, in between, or following the 12 TMSs. Strikingly, the large peaks between TMSs 2 and 3 and TMSs 8 and 9 occur in corresponding positions of the two halves of the proteins. The large peak of amphipathicity observed at the beginning of the alignment ( Figure 19C ) is poorly conserved, and, in fact, was observed for only one member of the family.
The phylogenetic tree for the BCD family proteins is shown in Figure 20 . The three PucC proteins are closely related as are the YpuM Rca and Orf Rru, suggesting that these two clusters each consist of orthologues serving the same function. The last two proteins (Orf Sce and Bch2 Rca) are distant members of the family. No correspondence of function can be proposed for these proteins. Figure 18 . Two well conserved portions of the complete multiple alignment for the seven sequenced proteins of the bacteriochlorophyll-delivery (BCD) family. Numbers in parentheses following the protein abbreviation give the first residue in each line. Abbreviations of the proteins are presented in Table 10 . Fully conserved residues are indicated by asterisks and are presented in bold print. The consensus sequence (consensus) (4 of 7 residues conserved) is presented at the bottom of the alignment. 
A Subfamily of Vesicular Monoamine Transporters (VMAT) Within the Drug:H + Antiporter-1 (DHA1) Family of the MFS (TC #2.1.2)
Within the DHA1 family of drug exporters is a number of transporters that are capable of transporting either drugs or neurotransmitters (Table 11 ). Phylogenetic analyses reported below have shown that these proteins form two distinct clusters within the DHA1 family (Paulsen et al., 1996) . They are all derived from animals and may be localized to neurotransmitter-containing vesicles. However, because many of these transporters have been shown to transport drugs, and therefore exhibit overlapping specificities with other members of this family, we have retained this group of proteins within the DHA1 family. We thus classify this subfamily the VMAT subfamily of the DHA1 family of the MFS. Two regions of the VMAT family are exceptionally well conserved as shown in Figures 21A and B . These two regions encompass putative TMSs 5-6 and TMSs 10-11 (see Figure 22C ). From these two partial alignments, two VMAT subfamily-specific signature sequences were derived. They are:
The average hydropathy plot for the VMAT family is shown in Figure 22A . Twelve peaks of hydrophobicity are apparent, and these presumably correspond to TMSs 1-12 as expected for most members of the MFS. The average similarity plot (not shown) revealed that the second halves of these proteins are better conserved than the first halves, and that within each of these two halves, the last two TMSs are best conserved. Gaps in the multiple alignment are in part responsible for the unusually large spacing between putative TMS1 and 2. The C-termini of these proteins are also poorly conserved.
An average amphipathicity plot (100° as for an α-helix; not shown) revealed that the largest peak of amphipathicity preceded TMS1, but several additional smaller peaks were present, particularly between TMSs 2 and 3, 3 and 4, 6 and 7, 8 and 9 and following TMS12. Thus, it can be suggested that much of these proteins, both the transmembrane regions and the inter-TMS loop regions, assume α-helical configurations.
The phylogenetic tree for the VMAT family ( Figure 22B ) reveals three clusters of mammalian paralogues, one of which includes a more distant homologue from Torpedo marmorata. The C. elegans and D. melanogaster proteins are distant to all of the mammalian proteins. However, the clustering of these proteins into two major groups suggests two functional types. The VMAT cluster is probably concerned with monoamine transport while the Unc cluster is concerned with acetylcholine transport. Thus, we suggest that the functionally uncharacterized proteins from C. elegans and D. melanogaster are acetylcholine transporters.
Conclusions and Perspectives
The present study of the major facilitator superfamily (MFS), the largest superfamily of secondary carriers found in nature, reveals that it is substantially larger and more diverse than was recognized in 1998. The MFS includes 29 established and five additional probable families as compared with only 17 families recognized in 1998 (Pao et al., 1998) . If one considers the "extended" superfamily , including the five distantly related families (see bottom of Table 1) , there is a 2x increase in family representation. In addition to the compounds that were then recognized as substrates of MFS permeases, we now know that one family within the MFS (SIT) can take up iron siderophores in yeast, that a second family (SET) can efflux sugars in bacteria, and that two families, the VNT and VMAT families, most closely related to the SP family and part of the DHA1 family, respectively, function in neurotransmitter transport. Two eukaryotic families within the extended MFS, the OCT and OAT families, are concerned with transport of organo cations and anions including a variety of drugs and toxic substances. Two families within the extended MFS (PAT and POT) transport peptides, and both of these families include members that transport a range of compounds in addition to peptides. Thus, PAT family members probably transport acetyl-CoA, coenzyme A, and glycopeptides in addition to peptides, while POT family members transport nitrate, chlorate, an amino acid (histidine) and various antibiotics in addition to peptides. Both bacterial and eukaryotic MFS permeases, belonging to different families, transport conjugated bile salts. Vitamins and their precursors are also likely substrates of a distant MFS family (the FBT family). Finally, four of the novel MFS families (UMF1-4) are not functionally defined. Consequently, we can anticipate that the range of substrates transported by MFS permeases will continue to expand. As more genomes become sequenced and published, all currently recognized families will undoubtedly expand in size and functional diversity, and new families will be discovered. We can predict that the currently recognized UMF families as well as novel, yet-to-be-discovered families will exclusively transport small to medium sized molecules. This prediction is based on the fact that no member of the MFS has yet been shown to transport a macromolecule (i.e., a protein, a complex carbohydrate, a nucleic acid or a lipid), and none has been shown to transport an inorganic cation as its primary substrate. We anticipate that MFS permeases are not capable of accommodating macromolecular substrates, due to architectural restrictions, but we recognize no reason why they should not be able to transport inorganic cations such as K + , Mg 2+ , Mn 2+ , Ca 2+ , Fe 3+ , etc.
Most of the 34 MFS families described here function primarily in solute uptake. However, five of these families (DHA1-3, SET and BCD) expel their solutes. In all five cases, a proton antiport mechanism is probable. We further predict that several of the UMF families and additional yetto-be-discovered MFS families will prove to function in efflux, particularly in prokaryotic organisms where facilitated diffusion is rare and active transport is the rule. With the exception of drug efflux pumps, past experimentation has focused primarily on uptake systems. We anticipate that many novel families of permeases, both within the MFS and outside of this superfamily, will prove to function with outwardly directed polarity.
If one includes the five distantly related MFS families (see bottom of Table 1 ), in what we have called the extended MFS, and analyzes completely sequenced genomes for MFS permeases, most organisms, both prokaryotes and eukaryotes, show a significant fraction of their secondary carriers as MFS permeases. Thus, based on the data published by Paulsen et al. (1998a,b) , various organisms exhibit between 11 and 47% of their recognized secondary carriers as MFS permeases as follows: Saccharomyces cerevisiae, 47%; Bacillus subtilis, 44%; Escherichia coli, 42%; Helicobacter pylori, 23%; Haemophilus influenzae, 22%; Mycoplasma genitalium, 17%; Synechocystis, 17%; Methanococcus jannaschii, 11%. These values reveal that in general, large genome organisms have a greater ratio of MFS to total secondary permeases than small genome organisms, a fact that presumably reflects the need that all organisms have to maintain ionic homeostasis. Ionic homeostasis depends primarily on non-MFS permeases (Paulsen et al., 1998a,b) . Thus, large genome organisms exhibit the phenomenon of nutritional versatility, being able to use many exogenous nutrients for growth. This versatility arose in part by proliferation of MFS paralogues. By contrast, small genome organisms are generally restricted to a narrow range of organic nutrients for growth, and they consequently display a limited repertoire of MFS permeases. We expect that in eukaryotes, the MFS will generally prove to be much larger than any other superfamily of transport proteins. It will be interesting to determine if eukaryotic MFS permeases also have an increased degree of functional diversity relative to prokaryotes. Our preliminary results suggest that this may not be the case. The proliferation of eukaryotic MFS paralogues seems to reflect the need for elaborate temporal and spatial regulatory constraints; that in prokaryotes may instead have resulted from the need to adapt to a tremendous range of ecological niches. 
